Background: High affinity human plasminogen (hPg) binding to Group A Streptococcus (GAS) is mediated by the coiledcoil M-like protein, PAM. Results: Amino acid residues in the a1a2 domain of PAM direct high affinity PAM/hPg binding regardless of oligomerization status of PAM. Conclusion: The a1a2 domain defines its hPg binding site, regardless of PAM dimerization. Significance: The virulence of GAS is altered by mutations in PAM(a1a2).
the kringle-based Lys binding sites (LBS) is to promote functional interactions of hPg and hPm with both cell-bound receptors and with other proteins that contain COOH-terminal Lys residues, e.g. enolase, annexin, PgR(KT) (11) . One exception to this general rule is the binding of PAM to hPg. In this case, PAM uses the LBS of the weakest Lys-binding hPg kringle, K2 hPg , for its tight (K D ϳ 1 nM) and specific interaction with hPg (12) . This interaction does not require a COOH-terminal Lys (13) .
The locus of PAM that interacts with hPg has been identified as the a1a2 N-terminal region (PAM a1a2 ) (14) . A small peptide, VEK30 (PAM residues 97-125), which spans the PAM a1a2 domain, has been shown to bind in a unique manner to K2 hPg . VEK30 does not possess a COOH-terminal Lys residue, yet requires the LBS for its interaction with K2 hPg . To define the structural basis for VEK30/K2 hPg binding, both x-ray (15, 16) and NMR structural analyses (13) have been employed. The data reveal that VEK30 forms an isosteric Lys utilizing the side chains of Arg 113 , His 114 , and Glu 116 (PAM numbering) that is conformationally presented around one-turn of an ␣-helix in VEK30. Whereas this binding modality is novel and important, the strength of binding of VEK30 to K2 hPg is ϳ60-fold weaker than that displayed by PAM toward K2 hPg .
The structure of PAM, like other M-proteins (17) , is best represented by an ␣-helical irregular coiled-coil. However, VEK30 has been determined to be an ␣-helical monomer (15) , and the question thus raised is whether the binding energy of PAM to K2 hPg contains a significant contribution from the dimeric structure of PAM. To resolve this issue, we have expressed a number of extended recombinant VEK30 peptides and determined their conformational properties, dimerization states, binding strengths to K2 hPg , and abilities to stimulate hPg activation. Herein, we show that strong hPg binding by PAM is independent of its oligomerization status and internal residues within the PAM a1a2 domain are major contributors to hPg binding.
EXPERIMENTAL PROCEDURES
Gene Expression and Protein Purification-Human recombinant (r) K2 Pg (C4G/E56D/L72Y; kringle numbering from C 1 of K2 hPg ), a triple variant of wild-type (WT) K2 Pg that possessed an ϳ5-fold enhanced affinity for -amino acids and VEK30, without any loss of binding specificity, and avoids purification complications from a non-LBS free Src homology group, was expressed and purified from transfected Pichia pastoris GS115 cells (9) . rPAM AP53 (residues 42-392, lacking the 41-residue amino-terminal PAM signal peptide, as well as the 35-residue COOH-terminal transmembrane insertion and intracellular regions), was expressed in Escherichia coli BL21/DE3 cells and purified according to the method detailed earlier (18) . rPAM[5A] was generated by mutation of Arg 113 , His 114 , Glu 116 , Arg 126 , and His 127 (numbered from Met 1 of PAM AP53 ) to Ala, using the QuikChange II XL site-directed mutagenesis kit (Invitrogen). rPAM[8A] was generated by replacing Asp 103 , Lys 110 , and Lys 123 with Ala in rPAM[5A]. Both rPAM[5A] and rPAM[8A] were expressed and purified in the same manner as WT-PAM AP53 .
rVEK-based peptides were designed by progressively adding residues to the NH 2 and COOH termini of VEK30 (PAM resi-dues 97-125). The peptides were expressed in E. coli BL21/DE3 employing the (His) 6 -tagged streptococcal protein GB1 domain fusion expression system (13, 19) . The final constructs, except for VEK32 (PAM residues 97-127), contained, sequentially from the 5Ј: an ATG initiation codon, a purification (His) 6 tag, the GB1 domain for enhanced solubility, a 9-residue linker, and a thrombin cleavage site, LVPR2GS (19) . This cassette was sequentially followed by synthetic genes encoding VEK or VEK variants, all inserted into plasmid pET-15b (Novagen, Gibbstown, NJ). A translation stop codon was placed immediately downstream of the VEK30 open reading frame. Thus, all VEK-based peptides cleaved via the thrombin site possessed a GS dipeptide at their NH 2 termini. In addition, a Tyr was placed at the COOH termini of each peptide for 280-nm absorption properties, as well as for radiolabeling, when needed. For VEK32, a FXa cleavage site (IEGR2) was used instead of the thrombin-sensitive site. Thus, cleavage with FXa does not leave extra residues at the NH 2 terminus. Furthermore, we did not include an artificial COOH-terminal Tyr residue in VEK75 (PAM residues 88 -162), because Tyr 156 was present within its natural sequence.
All rVEK-peptides were affinity purified from culture medium on a Ni 2ϩ -Sepharose affinity chromatography column (HisTrap HP; GE Healthcare), after induction of the bacterial culture with isopropyl ␤-D-1-thiogalactopyranoside. The protein obtained was tag-digested following the method described previously (13) . For final purifications, the peptides were chromatographed on a Superdex-75 16/60 size exclusion column (GE Healthcare), equilibrated and eluted with 20 mM Hepes-NaOH, 150 mM NaCl, pH 7.4. The integrity of the purified peptides was determined by MALDI-TOF mass spectrometry on an Autoflex III (Bruker Daltonics, Bremen, Germany). All peptides provided masses within 0.03% of their expected values. Recombinant streptokinase was prepared following previously described methodology (18 Circular Dichroism (CD) Spectroscopy-Far-UV CD spectra were collected for PAM AP53 and VEK-related peptides on an Aviv model 202 SF Spectrometer (Aviv, Lakewood, NJ). CD spectral data were recorded from 190 to 240 nm in a 0.1-cm path length cell at 25°C. The buffer used was 100 mM sodium phosphate, pH 7.4. Spectral data represented the average of three scans, collected at a 1.0-nm bandwidth at 1.0-nm intervals. A buffer reference scan was subtracted from each sample scan. The mean residue ellipticities ([]) were calculated using: [] ϭ ( ϫ MRW)/(l ϫ c), where is the CD signal in mdeg, MRW is the mean residue weight in g/mol, l is the path length in mm, and c is the protein or peptide concentration in mg/ml (20) .
Surface Plasmon Resonance (SPR)-The binding kinetics of WT-PAM AP53 , PAM a1a2 mutants, and VEK-peptides to rK2 Pg were measured in real-time by SPR using a BIAcore X100 Biosensor system (GE Healthcare). All binding experiments were conducted at 25°C employing HBS-EP (10 mM Hepes, 0.15 M NaCl, 3 mM EDTA, 0.005% polysorbate 20, pH 7.4) as the running buffer at a flow rate of 10 l/min. K2 Pg , diluted to a final concentration of 10 M in 0.1 M NaOAc, pH 5.0, was injected into flow cell 2 for immobilization on the CM-5 sensor chip surface using the amine-coupling kit, to a level of ϳ1000 resonance units. Nonbound sites on the sensor chip surface were afterward blocked by injection of 1 M ethanolamine, pH 8.5. All binding experiments were conducted by injecting various concentrations of analytes in HBS-EP buffer over the K2 Pg -coupled CM5 chip surface. Each concentration was injected for an association time of 2 min followed by 5 min dissociation time. The chip surface was regenerated between cycles using 10 mM glycine, pH 2.0, which did not change the binding properties of K2 Pg bound to the CM-5 chip. The binding data from these sensorgrams were subtracted from those obtained using a reference flow cell prepared by the same method, but without immobilizing K2 Pg on the chip. Sensorgrams were analyzed using BIAevaluation software 4.1 (BiaCore Life Sciences). The apparent equilibrium dissociation constants (K D ) were calculated from the instrument software by the ratio of the dissociation (k off ) and association rates (k on ). Nonlinear fitting of the association and dissociation curves with a 1:1 binding model was employed.
Analytical Ultracentrifugation-Sedimentation equilibrium experiments were performed employing a Beckman (Fullerton, CA) XL-I analytical ultracentrifuge at 20°C. The UV absorption mode at 280 nm was used to monitor the data. Samples were dissolved in 100 mM sodium phosphate, pH 7.4, at final concentration of 100 -300 M. A six-sector cell loaded with 110 l of samples and 125 l of reference buffer was used. Samples were individually rotated at speeds of 45,000 and 48,000 rpm for VEK35; 36,000 and 40,000 rpm for both VEK59 and VEK64; 32,000 and 36,000 rpm for VEK75; 13,000 and 18,000 rpm for PAM; 12,000 and 18,000 rpm for rPAM[5A] and rPAM[8A], respectively. Radial scans were collected every 2 h. At a given rotor speed, equilibrium was considered to have been reached once the temporal scans were invariant. The partial specific volume of VEK-peptides, PAM, PAM mutants, and the buffer density, were calculated using Sednterp and were determined to be 0.721, 0.723, 0.724, 0.729, and 0.73 ml/g for VEK35, VEK59, VEK64, VEK75, PAM, rPAM[5A], and rPAM[8A], respectively. The buffer density was 1.0091 g/ml. The ultracentrifuge data were analyzed by the Optima XL-A/XL-I data analysis software (Beckman Coulter, Brea, CA), and apparent molecular weights were obtained. Non-linear fitting of the concentration gradients for obtaining the molecular weights obtained at equilibrium was accomplished by mathematically maximizing the randomness of the residuals (21) .
Small Angle X-ray Scattering-For these experiments, hPg was prepared from pooled human plasma on a Lys-Sepharose column as previously described (22) . hPg, and the ligands, ⑀-aminocaproic acid (EACA), t-aminomethylcyclohexane-1carboxylic acid (tranexamic acid; TxA), VEK35, and VEK75 were suspended in a buffer containing 100 mM sodium phosphate, pH 7.4, with 5% glycerol. hPg (5 M) was pre-equilibrated with different concentrations of the ligands at 16°C. The data were collected at the Australian Synchrotron (Clayton, AU) small angle x-ray scattering/WAXS beamline. The samples were maintained at 16°C throughout data collection.
ScatterBrain IDL-based software (Australian Synchrotron) was used for data analysis and buffer corrections. PRIMUS (23) was used to determine the radius of gyration (R g ) based on the modified Guinier approximation (24) . R g values were normalized (showing the fraction of open conformation) within a titration series and plotted against the ligand concentrations. From the titration curve, K open , the concentration of ligand required to induce 50% of the maximal conformational change in hPg, was calculated using Prism software.
hPg Binding and Activation Assays with GAS Cells-The hPg binding abilities of individual GAS strains were examined by ELISA following the procedure described earlier (18) . Individual wells of 96-well NUNC Maxisorb plates (NUNC Thermo, Rochester, NY) were coated with 50 l of the cell suspensions (ϳ2 ϫ 10 7 cfu) of individual GAS strains and incubated overnight at 4°C. Nonspecific binding was blocked with 1% BSA. After washing 3 times with PBS, 100 l of 20 g/ml of hPg was added to the sample wells. Following a 2-h incubation at room temperature, the plate was washed 3 times and incubated for 2 h at room temperature, first with mouse anti-hPg (ERL, South Bend, IN), and, second, with horseradish peroxidase (HRP)conjugated rabbit anti-mouse IgG (AbD Serotec, Oxfordshire, UK), diluted 1:1000. Color development was accelerated by adding 3,3Ј,5,5Ј-tetramethylbenzidine substrate (R&D Systems, Minneapolis, MN). This reaction was terminated after 20 min using an equal volume of 2 M H 2 SO 4 . The absorbance (A) was measured at 450 nm using a plate reader (Molecular Devices, Sunnyvale, CA). Each sample was tested in triplicate and the assay was repeated 3 times. Negative controls were prepared following the same procedure with the exception of PBS in place of cell suspensions. The data are presented as the mean Ϯ S.E.
For measurements of hPg activation by GAS strains, 50 l of cell suspensions of individually grown GAS strains were premixed with 0.25 mM chromogenic substrate, H-D-Val-Leu-Lysp-nitroanilide (S2251; Chromogenix, Milan, Italy) and 0.2 M Glu-hPg in 200 l of 10 mM Hepes, 150 mM NaCl, pH 7.4. The reaction was accelerated with the addition of 5 nM recombinant streptokinase. The A 405 nm was measured continuously at 37°C for 4 h and recorded at 1-min intervals.
Isogenic Variants of AP53-For this work, we generated isogenic variants of AP53. The original AP53 clinical isolate used in this study contains an inactivating mutation, ⌬Thr 1404 , followed by a frameshift (25) in the cluster of virulence (Cov) sensor component of the two-component Cov responder (R)-sensor (S) transcriptional regulator, yielding CovR ϩ S Ϫ (25) . Because this mutation does not affect PAM expression or hPg binding to AP53 cells (25) , we expressed the pam mutants in this CovR ϩ S Ϫ strain for this in vitro work. To construct the targeting vector for the AP53/⌬PAM mutant, the chloramphenicol acetyltransferase (cat) gene was 5Ј-flanked by 300 -400 bp of genomic DNA upstream of the ATG for pam and 3Ј-flanked by 300 -400 bp downstream of the TAG stop codon for pam. The construct was inserted into the temperature-sensitive plasmid pHY304, which was transformed into AP53 cells. Single-double crossover (SCO-DCO) was then accomplished as described earlier (25) , leading to generation of AP53/⌬PAM. To construct AP53/PAM[8A], the pam gene, with the same genomic flanking regions as above, was inserted in plasmid pHY304 and Asp 103 , Lys 110 , Arg 113 , His 114 , Glu 116 , Lys 123 , Arg 126 , and His 127 were all mutated to Ala by routine methods. SCO-DCO was accomplished as above, thus generating the desired construct, AP53/PAM[8A].
Mouse Survival Studies-For survival studies, C57Bl/6 male mice, 6 -10 weeks of age, containing the hPg transgene (26), were used as described earlier (27) . A bacterial load of 6.5-7.2 ϫ 10 9 GAS cells/mouse were injected subcutaneously and monitored for 10 days, with observations twice daily. For these comparative survival studies, we employed AP53/CovR ϩ S Ϫ as the highly virulent form of AP53, viz. AP53CovR ϩ S Ϫ /PAM ϩ , and AP53/CovR ϩ S Ϫ /⌬PAM and AP53/CovR ϩ S Ϫ /PAM[8A] as the PAM inactivated samples.
RESULTS
The PAM-derived internal peptide, VEK30, has been used as a surrogate for PAM in defining its critical functional role in hPg binding. Although important structure-function relationships have been obtained using this peptide, VEK30 nonetheless exhibits ϳ60-fold weaker interaction with K2 hPg than fulllength PAM. The goal of this study was to understand whether the weaker binding of VEK30 was due to the linear sequence selected for the peptide, the ␣-helical conformation, and/or its dimerization state. This latter issue is most relevant because intact PAM, like all M-proteins (17, 28, 29) , exists on GAS as an ␣-helical coiled-coil dimer, and the ability of M-proteins to dimerize is critical to their ability to bind other ligands (30 -32) . Thus, we generated a series of recombinant peptides from PAM to assess their ability to dimerize and interact with K2 hPg . The peptides prepared and purified are identified and characterized in Table 1 . Their linear molecular weights have been determined by MALDI-TOF, and are within 0.03% of their calculated weights, thus affirming their integrities (Table 1) .
Sedimentation equilibrium ultracentrifugation analysis was performed at two different rotor speeds. Examples of the primary data obtained are shown in Fig. 1 , and the molecular weight data for the peptides examined are summarized in Table  1 . Monomeric species are observed throughout the equilibrium concentration gradient created at two different rotor speeds for VEK30, VEK32, VEK35, and VEK59. The longer peptides, VEK64 and VEK75, as well as PAM, presented dimeric species throughout their equilibrium concentration gradients at two different rotor speeds. Thus, VEK30 -59 clearly are monomeric, and peptides VEK Ͼ64 are dimers.
CD spectra were also obtained for these same peptides, examples of which are provided in Fig. 2 for PAM, VEK35, and VEK64. In all cases, spectra typical of ␣-helices are obtained, with ellipticity minima at 208 and 222 nm. The comparative spectra are very similar, suggesting that each peptide has a very high ␣-helical content. Using an ellipticity value of approximately Ϫ30,300 fH -2340 (f H ϭ fractional helix) at 222 nm as a comparative measure of ␣-helical content (20) , all peptides contain ϳ60 -70% ␣-helical content, with VEK75 displaying the highest ␣-helicity among the VEK-peptides tested.
After peptide characterizations, SPR was used to investigate the binding affinities of VEK-based peptides to K2 hPg . This kringle domain was used as the immobilized ligand and VEKpeptides and/or rPAM as soluble analyte(s). Sensorgrams of these interactions were recorded ( Fig. 3 ) and the dissociation constants (K D ) obtained are listed in Table 1 . rPAM binds strongly to K2 hPg (ϳ1 nM), which is nearly 60-fold higher than VEK30/K2 hPg binding. The two dimeric VEK-peptides, VEK64 and VEK75, showed K2 hPg binding efficiencies at nearly the same affinity as rPAM. Unexpectedly, all monomeric con- structs, including VEK32, which contain two additional C-terminal residues on VEK30, showed equally strong binding to K2 hPg (K D ϳ 1-2 nM), thereby indicating that dimerization is not the key determinant for effective Pg binding. Previously, the solution structure of VEK30 bound to K2 hPg had shown that most of the VEK30/K2 hPg interaction involved side chains of Arg 113 , His 114 , and Glu 116 of VEK30 (13) . Because addition of two residues, Arg 126 and His 127 , fortified the binding efficiency to the level of rPAM, we investigated the contributions of Arg 113 , His 114 , Glu 116 , Arg 126 , and His 127 on K2 hPg binding in more detail.
All five residues, i.e. Arg 113 , His 114 , Glu 116 , Arg 126 , and His 127 , were mutated to Ala in rPAM, generating rPAM[5A]. We also generated rPAM[8A] by replacing three additional residues, viz. Asp 103 , Lys 110 , and Lys 123 , with Ala because these residues had been shown to be involved in exosite interactions in the solution structure of VEK30 (13), thereby augmenting the affinity and facilitating docking of VEK30 to the K2 hPg . Next we measured the binding affinities of rPAM[5A] and rPAM[8A] to K2 hPg by SPR ( Table 1) . Mutations of these five residues in rPAM[5A] significantly reduced the affinity of this variant for K2 hPg by 1000 times, relative to rPAM. rPAM[8A] also showed a similar binding affinity as rPAM[5A] for K2 hPg , thereby indicating that three additional residues, i.e. Asp 103 , Lys 110 , and Lys 123 do not contribute significantly to the hPg binding, and that Arg 113 , His 114 , Glu 116 , Arg 126 , and His 127 are the major contributors to this binding energy. CD spectra of both mutants were found to be similar to that of rPAM (data not shown). Therefore, the decrease in binding affinity is not due to loss of secondary structures. These results support an important role for Arg 113 , His 114 , Glu 116 , Arg 117 , and His 118 , and indicate the indispensability of these residues in hPg binding.
To discover the effects of monomeric and dimeric VEK-peptides on hPg conformation we also performed a real-time SAX analysis of hPg using VEK35 and VEK75. Full-length hPg can exist in a closed (T), poorly activatable conformation, and an open (R), highly activatable, conformation (33, 34) . The transition from the closed to the open conformation is induced by LBS binding effectors, such as EACA and its analogues (34) . EACA primarily binds to the LBS of K1 hPg and K4 hPg , and more weakly binds to K5 hPg (6, (35) (36) (37) . Because we have identified in this study peptides that interact very strongly and specifically with the LBS of K2 hPg , we have tested these peptides on the global conformation of hPg. We find that fully closed hPg becomes measurably relaxed upon incubation with a stoichiometric amount of VEK75 (Fig. 4A ). Furthermore, the amount of ligand required to induce the midpoint transition from closed to open forms of hPg (K open ) is 1.86 M for VEK75, 26.7 M for VEK 35, 120.4 M for TxA, and 349 M for EACA. Therefore, both VEK35 and VEK75 efficiently induce a change in the hPg conformation and significantly outperformed EACA and TxA in this regard (Fig. 4B) , being effective at much lower concentrations. Thus, binding interactions of VEK-peptides, regardless of their oligomerization states, mediate the transformation of the tight (T) to the relaxed (R) conformations of hPg. Although binding of these peptides are specific for the LBS of K2 hPg (14, 38) , this does not rule out the possibility that exosites, especially in the longer peptides, interact with other FIGURE 1. Sedimentation equilibrium ultracentrifugation analysis of VEK-peptides. A, VEK64. The data were collected at a rotor speed of 36,000 rpm. B, VEK35. The data were collected at a rotor speed of 48,000 rpm. The partial specific volume of the VEK64 was calculated from its amino acid composition was 0.723 ml/g and for VEK35 was 0.721 ml/g. In both cases, the buffer was 0.1 M phosphate, pH 7.4 (density, 1.005 g/ml). The temperature of the experiments was 20°C. The lines drawn through the data points were best fits for molecular masses of 15,050 Da for VEK64 and 4,851 Da for VEK35. The random residuals for the non-linear fits of the concentration gradients show that a single molecular weight species is present throughout the cell (21) of the molecular weight determined from the best-fit obtained by minimizing the sum of the residuals. regions of hPg to induce functionally different final conformations. This may explain the fact that whereas macroscopic binding of VEK35 and VEK75 binding to K2 hPg is nearly the same ( Fig. 3 and Table 1) , differences are observed for VEK35 and VEK75 with regard to their relative efficiencies to induce a conformational change in hPg (Fig. 4) . These low-resolution conformational techniques cannot discriminate subtle differences in conformations. However, major changes are induced via isosteric Lys interactions of the a1a2 region of PAM with the LBS of K2 hPg to cause a large conformational alteration in hPg, a previously unrecognized finding. These results further suggest the importance of the presence ofthe hPg binding a1a2 domain of PAM and its internal residues.
To further investigate the role of these critical PAM residues in hPg binding, mutant GAS strains were generated and employed for cell-based assays. GAS strain AP53 was used as the WT PAM-producing strain, because AP53-PAM is a well characterized protein. For direct comparison with PAM, two mutant isogenic strains were generated, viz. AP53/PAM[8A], where eight residues in PAM (Asp 103 , Lys 110 , Arg 113 , His 114 , Glu 116 , Lys 123 , Arg 126 , and His 127 ) were substituted by Ala, and GAS-AP53/⌬PAM, where the entire pam gene was replaced by an in-frame replacement of pam with the cat gene (25) . We investigated the binding efficiency of hPg to these GAS cells by sandwich ELISA using mid-log phase cultures (A 600 nm ϳ 0.6). As expected, AP53/PAM ϩ showed strong hPg binding (Fig. 5A) , whereas AP53/PAM[8A], under the same conditions, showed a significantly reduced hPg binding relative to AP53 PAM , undoubtedly because of the alteration of eight residues in PAM (Fig. 5A ). The AP53/⌬PAM strain showed similar weak hPg binding to cells.
A similar observation was made when the activation of hPg by these strains was compared. Fig. 5B shows that hPg activation is highly stimulated by AP53/PAM ϩ cells, a finding that is in concurrence with the ELISA binding data. Comparatively, very little hPg is activated by other mutant GAS cell lines, including AP53/PAM[8A] and AP53/⌬PAM, both of which are only slightly higher than the basal level of activation without cells. Because we did not observe a significant difference in binding affinity between rPAM[5A] and rPAM[8A] to hPg using SPR, we conclude that the mutagenesis effect observed here is solely contributed by a 5-residue mutation. Therefore, these low activation properties of mutant AP53/PAM[8A] GAS cells especially demonstrate the requirement for the presence of all five PAM residues (Arg 113 , His 114 , Glu 116 , Arg 126 , and His 127 ) for a fully active PAM, and in strains that contain PAM this protein is the dominant receptor for functional hPg binding.
Finally, we investigated the lethality of the PAM[8A] variant cell line on survival of hPg transgene containing mice (Fig. 6 ). Mice were subcutaneously injected with 6 -8 ϫ 10 8 cfu of WT-AP53/PAM ϩ , AP53/⌬PAM, or AP53/PAM[8A]. All mice injected with WT-AP53/PAM ϩ expired within 4 days. Muta- tion of eight residues in the a1a2 domain of PAM, in AP53/ PAM[8A], provided significant protection against lethality in mice, and deletion of the pam gene in GAS-AP53/⌬PAM offered similar protection from lethality in this model. It is possible that the presence of other hPg receptors and/or hPg-binding proteins, e.g. streptococcal enolase, Plr, contribute to the residual virulence in the mutant strains, as observed in our cell-based hPg binding and activation assays (Fig. 5 ), but this seems to be a more minor consideration in a PAM containing strain. These data suggest that AP53/PAM[8A] functions as a total PAM deletion with regard to hPg/hPm function, and eight critical residues of PAM in the a1a2 domain region are required for a fully functional and active PAM during GAS infections.
DISCUSSION
A key feature of certain pathogenic GAS strains is their ability to produce a variety of surface-bound and secreted virulence factors, which are known to contribute to the severity of their infection by interacting with host plasminogen activation system. Of four well studied hPg-binding proteins that have been described (39) , hPg binding M and M-like protein (PAM) is the best characterized (40) . PAM has long been recognized as a major virulence factor of skin-tropic GAS strains. Of all known receptors of hPg, PAM is the greatest contributor to direct hPg binding by GAS. Other hPg-binding proteins exist, such as streptococcal enolase and glyceralde-3-phosphate dehydrogenase (GAPDH), but these are less important in GAS strains wherein PAM and PAM-like high affinity hPg-binding proteins are present as the M-protein (25, 27, 41) .
It has been demonstrated that PAM binding to K2 hPg is mediated by an internal a1a2 repeat domain in the N terminus of PAM (14, 42) . The importance of the a1a2 domain of PAM in hPg binding has also been demonstrated in Arp4, an M-like protein, which does not interact with hPg. Expression of a chimeric a1a2/PAM protein in Arp4 confers the ability of the isogenic Arp4 to bind hPg (43, 44) . Structural studies of K2 hPg complexed with VEK30, a 30-residue endopeptide derived from the a1a2 domain, demonstrated the manner in which internal charged residue side chains especially those of Arg 113 , His 114 , and Glu 116 form a pseudo-Lys structure to occupy the LBS of K2 hPg with a high affinity (K D ϳ 60 nM). Although this structure provides valuable insight into mechanisms of side chain arrangements in proteins that provide an isosteric Lys residue that interacts specifically with the LBS of K2 hPg , it does not account for the full extent of binding of PAM to hPg. Because PAM is known to be a coiled-coil ␣-helical dimer, and the recent structure of a M1-protein revealed a dynamic coiledcoil dimer bound to fibrinogen (45), we examined whether the lack of a dimeric coiled-coil structure of isolated VEK30 might play a role in its weaker binding to hPg. Therefore, the purpose of this study was to investigate whether dimerization of PAM is an absolute requirement for its effective hPg binding.
To define the minimal length of PAM required for the retention of dimeric coiled-coil motif, we generated different constructs in which residues were added progressively to the N and C termini of the hPg binding core a1a2 domain. Using sedimentation equilibrium ultracentrifugation we determined that VEK64 contains the minimum number of residues required to form an ␣-helical dimer. Although both dimeric peptides tested for K2 hPg binding showed a significant increase in binding affinity compared with VEK30 (Table 1) , equally strong binding was displayed by several monomeric constructs, most notably, VEK32, which consists of two additional residues in VEK30 (Arg 126 and His 127 ). The K d for VEK32 to K2 hPg binding was equal to the same binding of full-length PAM to this kringle FIGURE 5 . hPg binding and activation by GAS cells. A, hPg binding by the indicated GAS strains examined by ELISA. Cells of the indicated strains were grown to mid-log phase (A 600 nm ϳ 0.6) and resuspended in PBS to A 600 nm ϳ1.0. Cell suspensions of the indicated strains (ϳ2 ϫ 10 7 cfu) were then added to the individual wells of a microtiter plate and incubated with Glu-hPg followed by appropriate antibody incubation with subsequent washes between. The color was developed with addition of HRP substrate 3,3Ј,5,5Јtetramethylbenzidine and detected at A 450 nm . B, GAS cell suspensions of the indicated strains were mixed with Glu-hPg and chromogenic substrate S2251 in wells of microtiter plates. The reactions were accelerated by the addition of recombinant streptokinase and continually measured at A 405 nm with 1-min intervals. Controls without cells were prepared in the same manner, except for the addition of GAS cells. FIGURE 6. Virulence of AP53 GAS strains evidenced by mice survival. C57BL/6 male mice were injected with 6.5-7.2 ϫ 10 9 cfu of individual isogenic AP53 GAS strains, viz. WT-AP53 AP53/⌬PAM, and AP53/PAM[8A] (n ϭ 5-7 mice for each strain). Survival was monitored for up to 10 days. module (K D ϳ 1 nM). These data not only indicate that Arg 126 and His 127 are critical for hPg binding but also suggest that these residues may be more important for binding than the dimerization of PAM. This finding is in good agreement with small angle x-ray scattering analysis of monomeric VEK35 and dimeric VEK75, which showed that both peptides are far more efficient in inducing the conformational changes in hPg that occur upon occupancy of the LBS than TxA and EACA. Our data uniquely show that binding solely to K2 hPg , the weakest LBS for small molecule Lys analogues, confers the conformational change in hPg that is known to occur by binding of Lyslike ligands to K1 hPg , K4 hPg , and K5 hPg . Although monomeric VEK35 appears to bind very strongly and specifically to the LBS of K2 hPg , dimeric VEK75 is superior in inducing changes in hPg conformation. One possible explanation for the lack of agreement between VEK75 and VEK35, with respect to hPg binding and activation characteristics may lie in the absence of residues in VEK35 that might contribute to exosite interactions between Pg and PAM, rendering the interaction tighter and thereby increasing the potency of Pg activation. This could also indicate a positive correlation between an increasing length of coiledcoils in PAM and increased potential for hPg activation, as dimeric VEK75 displays the highest ␣-helical content among all VEK-peptides tested. It has been reported previously that the presence of a 20-fold molar excess of VEK30 failed to induce any change in the closed conformation of hPg (46) . Whereas we found that 5-fold molar excesses of VEK35 is sufficient to induce a closed to open form transition in hPg that probably highlights the importance of residues immediately after VEK30, possibly Arg 126 and His 127 in hPg binding and stimulation.
Thus, we shifted our attention to the internal residues of the a1a2 domain. Previous structural studies of VEK30 bound K2 hPg have shown that Arg 113 , His 114 , and Glu 116 , all present in the one turn of the helix in the a1 repeat, form salt bridges and electrostatic interactions with the LBS of K2 hPg thereby forming a pseudo-Lys structure. It is therefore anticipated that the corresponding residues in the a2 repeat, i.e. Arg 126 and His 127 , would make a similar contribution to K2 hPg binding. In fact, a strong hPg binding affinity reflected by a K D value of ϳ1 nM as shown by VEK32, which included Arg 126 and His 127 , supported this hypothesis. Indeed, when Arg 113 , His 114 , Glu 116 , Arg 126 , and His 127 were replaced by Ala using site-directed mutagenesis, the resulting mutant showed drastically reduced K2 hPg binding, as evidenced by a 1000-fold decrease in the K d (ϳ1 M) for this interaction. Mutation of three additional residues Asp 103 , Lys 110 , and Lys 123 , each to Ala, providing rPAM[8A], showed a similar binding efficiency (K D ϳ 1.5 M) as PAM[5A]. These latter three residues were mutated to verify their effect on hPg binding as they were found to be involved in exosite interactions in K2 hPg bound VEK30 structure (13) . Additionally, in a previously published report, substitution of Lys 110 was shown to reduce hPg binding by 80% (12) . However, a recent study showed that mutation of Lys 110 and Lys 123 was not sufficient to abrogate hPg binding (41) . Our results support this latter report and suggests that Arg 113 , His 114 , Glu 116 , Arg 126 , and His 127 are the crucial residues for hPg binding, especially Arg 126 and His 127 . In another study involving hPg binding M-like protein Prp, it was reported that mutagenesis of Arg 107 and His 108 (the corresponding PAM residues are Arg 113 and His 114 ) abolished hPg binding despite the presence of two Lys residues, equivalent to Lys 110 and Lys 123 of PAM (47) . Although it is known that the hPg binding domain of PAM is highly variable (48) , both Arg and His residues in the a1 and a2 repeats appear to be highly conserved in PAM variants (4) . Dramatic reduction in hPg binding by simultaneous mutation of Arg 113 , His 114 , Arg 126 , and His 127 , as demonstrated by our study, therefore indicates that binding to hPg using Arg and His side chain residues might be a common binding mechanism for hPg-binding M proteins.
The importance of these residues is also illustrated in cellbased assays, which show hPg binding and activation efficiency of PAM mutant cells were significantly reduced to the level of a total pam gene inactivation when compared with WT cells. Whereas we used the PAM[8A] mutant strain for these studies, it could be safely assumed that the mutagenesis effect is concerted by the five crucial residues in rPAM[5A], because the hPg binding affinity for these mutants is similar between both rPAM[5A] and rPAM[8A] mutants as shown by their respective K D values ( Table 1) .
In summary, we sought to determine whether dimerization of PAM is a determining factor for the high affinity hPg binding affinity of PAM. This study highlights the relative contribution to hPg binding by residues within the a1a2 domain of PAM. The high affinity binding of peptides that do not dimerize, which nonetheless is equivalent to that of PAM, suggests that PAM dimerization is not an essential feature of the ability of PAM to tightly interact with hPg. These findings could have important implications for the design of therapeutics that target this essential protein-protein interaction for highly virulent GAS strains.
